Abstract. Thus far, the measurement of dielectric properties of biological tissues has been achieved on the assumption that the biological tissues are homogeneous. In fact, most tissues should be heterogeneous because there are many small structures included in these tissues, such as blood vessel, nerve fiber and so on. When the dielectric properties of these tissues are measured by conventional sensor, the results are not the dielectric properties of tissues but the effective dielectric properties of the mixture. In this paper, the influence of the inclusion in tissues on the measurement of dielectric properties of heterogeneous biological tissues is studied and the analysis of the effective dielectric properties of heterogeneous tissues based on the mixing rule is proposed. When the coaxial probe is used to measure the dielectric properties of tissue, the results are relative to the dielectric properties of inclusion, dielectric properties of background tissue and the effective volume fraction of inclusion. Therefore, the dielectric properties of inclusion could be calculated according to mixing rule, after the effective dielectric properties are measured and the effective volume fraction of inclusion is estimated.
Introduction
Dielectric properties that are inherent properties of life absorbing and coupling the electromagnetic energy in electromagnetic field are important factors to investigate biological electromagnetism. They are the basal elements to build realistic numerical phantoms of biology for validation or testing in many experiments [1, 2] . In the radiation therapy, the dielectric properties of tissues are used to analyze and estimate the absorbed energy of normal and abnormal tissues [3] . In diagnosis of disease, the dielectric properties are basic factors of biomedical electrical magnetic function imaging [4] . In biological communications, the dielectric properties are also needed to investigate the mechanism of bioelectromagnetic interactions [5] .
Dielectric properties are macroscopic properties that describe the physical characteristics of one part. Therefore, the measurements of dielectric properties of biology are usually achieved on tissues [6] . From the interim of last century, a considerable amount of dielectric properties data has been measured [7] [8] [9] . However, these measurements are achieved on the assumption that the biological tissues are homogeneous. In fact, most tissues should be heterogeneous because there are many small structures or matters included in these tissues such as blood vessel, nerve fiber even some other differential tissues. The researcher considered the difference between the whole tissue and isolated inclusion in some measurements of tissue such as blood [10] . But there is still a continuing need for the measurement of other biological tissues.
On the other hand, the biomedical electrical magnetic imaging could achieve measuring the dielectric properties of different inclusions in the tissue. But this method needs the prior information to improve the resolution. It means when the biomedical electrical magnetic imaging is used in measurement, this method needs plenty of information about the inclusions in tissue, such as the volume, position and estimated dielectric properties of inclusions for improving the precision of measurement. The volume and position of inclusions could be derived by CT or MRI [2] . But it is hard to estimate dielectric properties value of inclusions. Generally, it is first to determine what the inclusions are. Then the dielectric data of the inclusions in literature is used as the estimated dielectric properties. But to different individuals, the dielectric properties of the same inclusion may be different. It is not suitable to use the literature data as the estimated dielectric properties.
This study simulated and analyzed the influence of the inclusion in tissues on the dielectric measurement of heterogeneous biological tissues. The relationship between the effective dielectric properties of heterogeneous tissues measured by coaxial probe and the dielectric properties of inclusion was proposed based on the mixing rule. According to this relationship, the dielectric properties of inclusion could be calculated, after the effective dielectric properties were measured and the effective volume fraction of inclusion was estimated.
Dielectric measurement using coaxial probe and mixing rule
The open-ended coaxial probe is usually used to measure the dielectric properties of biological tissues [11] [12] [13] . When the probe is terminated by tissues, the terminal input admittance of probe Y in that contains the dielectric information of tissues could be measured. Finally, the dielectric properties could be calculated according to follow expression [14] :
When the tissue that contains other differential inclusion is heterogeneous, the results derived by coaxial probe are not the dielectric properties of test tissue but the effective dielectric properties of whole tissue with the inclusion. Because the input admittance Y in measured by probe describes the whole measurement area of tissue, It is hard to distinguish the test tissue and inclusion. This problem is also found in other measurement method such as impedance measurement. Therefore, it needs some other method to distinguish the dielectric properties of test tissue and included tissue.
Sihvola discussed the effective dielectric properties of heterogeneous materials, in particular the media with lossy constituents that have complex permittivity parameters [15] . Several mixing rules were presented by which the effective dielectric property parameters of the mixture could be calculated as a function. Maxwell Garnett mixing rule was basic expression to calculate the effective dielectric properties of the simple mixture where the spherical inclusions were included in a homogeneous background medium:
Where İ eff is the effective complex permittivity of mixture, İ e is the complex permittivity of background medium, İ i is the complex permittivity of inclusions, and Ȟ is the volume fraction of inclusions in the mixture. Eq. (2) was based on the assumption that the spherical inclusions and the electromagnetic field both were evenly distributed in the background medium. In fact, it was hard to be achieved in the measurement of tissues. However, the shape and size of inclusions could be ignored when the work wavelength was much larger than the size of inclusions. On the other hand, the detecting area of open-ended coaxial probe was not large, and the electromagnetic field in the tissues could be approximate considered to be evenly distributed. As a result, when the open-ended coaxial probe was used to measure the dielectric properties of heterogeneous tissues in low frequency, Maxwell Garnett mixing rule may also be utilized to describe the relationship between the effective dielectric properties of heterogeneous tissues and the dielectric properties of included tissues.
Data generation and simulation settings
The dielectric measurement of heterogeneous skin tissue which included the blood was simulated to validate whether the Maxwell Garnett mixing rule was suitable to the open-ended coaxial probe measurement of dielectric properties of heterogeneous tissues.
Simplified model of heterogeneous skin tissue
In the model of heterogeneous skin tissue, the blood was taken as the inclusion in the skin tissue which was similar to the symptom of subcutaneous hemorrhage. The dielectric properties of skin and blood that were important parameters for the simulation model could be calculated by Gabriel's fourpole Debye model [8] In Eq. (3), İ is the high frequency permittivity and ı s is the static conductivity. Ĳ is the relaxation time, and Į is the relaxation factor. These parameters of skin and blood were given in [8] . Figure 1 shows the diagram of simulation settings. Skin was considered to be the background tissue which was set up as a single cylinder with a radius r=80 mm and a thickness h 1 =10 mm. Blood were taken as the inclusion which was set up as a cube with the thickness h 2 =1.5 mm and the sectional length 2l. The depth of the blood in the skin was set to be d. The dimensions of coaxial sensor in the simulation were set as follows: The opening radius of probe was b=4 mm and inner radius was a=1.303 mm. The space between the inner conductor and outer conductor was filled with air. The inner conductor was set to be a=1.303 mm longer than outer conductor. The length of the probe L was set up to be 30 mm. The working frequency of detection was set to be from 80 MHz to 1 GHz.
Simulation settings

Results and discussion
The effective detecting area of open-ended coaxial probe
The detecting area of open-ended coaxial probe is not large. Therefore, it is necessary to determine the effective detecting area of the probe when the probe is terminated by skin. Figure 2 shows the changes of input admittance Y in with the depth of the blood in the skin. The sectional length of blood was set to be l=15 mm.
As shown in Figure 2 , the input admittance Y in did not changed with the depth of the blood after d was larger than 3.0 mm. It means that it is hard for the probe to detect the blood. The detecting depth of probe is approximate to 3.0 mm. On the other hand, the detecting area of probe on the different depth was also investigated. Figures 3 and 4 show the changes of input admittance Y in with the sectional length of the blood on different values of depth in the skin. It was shown in Figures 3 and 4 that the detecting area of probe was the largest when the depth of blood was 0 mm, and the detecting area of probe was almost one point when the depth of blood was 3.0 mm. Therefore, the detecting area of probe could be described as a cone with the height h=3.0 mm and the radius of underside r=4.0 mm.
The effective volume fraction of blood and Maxwell Garnett mixing rule
According to the result of prior section, the volume fraction v in Eq. (2) should not be considered as the proportion of blood in the skin, but the proportion of blood in the detecting area of probe, as shown in Figure 5 . As a consequence, the volume fraction v in Eq. (2) was the effective volume fraction of blood in the detecting area when the coaxial probe was used to measure the dielectric properties of heterogeneous tissues.
In order to validate the applicability of the Maxwell Garnett mixing rule in dielectric measurement of heterogeneous tissues, the effective dielectric properties İ eff of heterogeneous skin tissues with the different values of depth of blood in Figure 2 were calculated according to the Maxwell Garnett mixing rule. Figure 6 shows the effective dielectric results of measurement by Eq. (1) and the results of calculation by Eq. (2). The volume fraction v of blood on the different values of depth was given in Table 1 .
As shown in Figure 6 , the values of effective dielectric properties fell in between skin and blood. Table 1 The volume fraction v of blood on the different depth 
Conclusion
In this paper, Maxwell Garnett mixing rule was proposed to analyze the dielectric measurement of heterogeneous tissues using the open-ended coaxial probe. The influence of the inclusion in tissues on the measurement of dielectric properties of heterogeneous biological tissues was simulated and analyzed based on the model of heterogeneous skin tissue. According to the results of simulation, the detecting area of open-ended coaxial probe was not large that could be approximate described as a cone area. The Maxwell Garnett mixing rule could be used to analyze the dielectric measurement of heterogeneous tissues. However, the volume fraction v was not the proportion of inclusion in the background tissue, but the effective volume fraction of inclusion in the detecting area. When the volume fraction was estimated, the dielectric properties of inclusion in heterogeneous tissue could be calculated according to the measured effective dielectric properties based on Maxwell Garnett mixing rule. In future work, the actual measurement would be performed for further verification. The depth of detection and resolution of the probe should be improved for more sophisticated type of inclusions.
